A docking studies of a set of several 1,5-disubstituted tetrazoles (1,5-DS-T) compounds to find potential inhibitors of the Abelson tyrosine-protein kinase (ABL kinase) and the mutated ABL kinase T315I were conducted by using Lamarckian genetic algorithms as search algorithms in Autodock4. Bayesian calculations were performed, and specificity (Sp) and sensitivity (Se) values as well as positive predicted values (PPVs) and negative predicted values (NPVs) were calculated using a set of 99 active ligands and 385 decoys for ABL kinase from the DUD database. RMSD values were calculated between the X-ray crystallographically determined coordinates of the ligands in the complexes of ligand with the ABL kinase and with T315I ABL kinase resistant to imatinib. The predicted results showed the importance of the interactions of the protein with halogens present in some of these 1,5-DS-T ligands. In conclusion, the results suggest that eight novel 1,5-DS-T compounds were identified to be effective inhibitors of ABL kinase.
Introduction
Chronic myelogenous leukemia (CML) is a human disease characterized by a translocation between chromosomes 9 and 22 into the c-abl locus of chromosome 9 and the bcr region of chromosome 22 [1] . Its incidence is 2 per 100 000 each year and the common age of diagnosis of the disease is 50 to 55 [2] . ABL tyrosine kinases constitute a family of proteins with the best-conserved branches of the tyrosine kinases. There are two types of ABL tyrosine kinases: ABL1, which is involved in repairing damage to nuclear DNA, and ABL2, which binds actin and microtubules and is involved in cytoskeletal remodeling [3] . ABL genes have been observed' in a tumor gene in the Abelson murine lymphosarcoma virus [4] . Patients with CML express a BCR-ABL1 oncoprotein that enhances the tyrosine kinase activity of the cells, leading to down-regulation of cell growth and of replication-associated pathways such as those that use JAK/STAT, MAPK, RAS, RAF, JUNK and MYC [5] . Treatments for CML have included allogenic stem cell transplantation and the use of recombinant interferon-alpha, but the most effective treatments have involved the administration of tyrosine kinase inhibitors (TKIs) [6] Imatinib mesylate was the first TKI drug found to function against CML and to be well tolerated. Administration of this drug led to a complete cytogenetic response in 60 percent of cases and resulted in adverse events in less than 6 percent of patients, whereas the complete cytogenetic response rate for recombinant-interferon has been reported to be only 41% [7] . The chemical optimization of imatinib [8] is shown in Figure 1 
Figure 1. Schematic representation of the moieties in imatinib (d). The color code is provided in the text
Here, a phenylamino derivative is the core structure of the lead compound (and shown in black in the figure) . The addition of a 3-pyridyl group (in blue in panels a-d) to the 3'-position of the pyrimidine enhanced the activity. The amide group (in red in panels b-d) conferred activity against tyrosine kinases. Addition of a methyl group (in pink in panels c and d) abolished the undesirable protein-kinase-C inhibitory activity. Finally, inclusion of N-methyl piperazine (in green in panel d) increased the solubility and oral bioavailability.
Type I, II and IV TKIs, including imatinib, nilotinib, dasatinib, bosutinib and ponatinib, have shown activity against Bcr-Abl and have been approved by the FDA (Figure 2 ), and about 36 compounds have been patented during the last 8 years [9] . Nevertheless, imatinib has been shown to lose its effectiveness against CML in up to 30% of patients during their first five years on therapy [10] . Here, various point mutations in the kinase domain of the Bcr-Abl protein (in particular between kinase domains) appear to cause such ineffectiveness of imatinib, by interfering with the interaction between the protein and the drug [10] . The mutations that most interfere with the drug activity are those at residues 255 and 315, with a mutation at residue 255 countering the inhibitory activity of nilotinib as well as of imatinib, and the T315I mutation (resulting in BCR-ABLT315I) interfering with the inhibitory activities of all TKIs [10] .
Imatinib Nilotinib Dasatinib Bosutinib
Ponatinib Figure 2 . FDA approved drugs that inhibit the ABL kinase Many efforts are being expended to find inhibitors of ABL kinase that remain active even toward resistant mutations in T315I. One good example is the compound PPY-A, which Zhou et al. [11] showed to have favorable interactions with and be a potential inhibitor of the T315I ABL kinase. The PDB code: 4TWP [12] was used for the docking studies with the novel 1,5-DS-T compounds as ligands in this study.
The resistance showed for the ABL kinase is a good reason to explore the behavior of new compounds with different scaffolds to find therapeutics that are effective against BCR-ABL T315I. Here, predicted interactions and affinity using molecular docking studies of novel 1,5-disubstituted-1H-tetrazoles synthetized via the Ugi-azide reaction by Carlos Cortés et al. are presented [13] . these novel compounds are used since they include a fragment of imatinib ( Figure 3 
Materials and methods

Compounds data set
To assess the docking protocol performance, the Bayesian theorem to 99 compounds known to be active against ABL kinase and 385 decoys for this kinase was applied. Both sets of compounds were retrieved from the Directory of Useful Decoys (DUD) [14] (www.dud.docking.org). Also, thirty-eight variants of 1,5-DS-T were synthetized by Cortés-Garcia et al. and used as exploration set of compounds, these structures are listed in table 1. The ligands AXI and JIN as reference crystallographic structures that came from the PDB codes used in this research (4TWP and 2HZI respectively) to compare the RMSD values after the docking calculations have been used.
Computational experiments
The 1,5-DS-T compounds synthetized by Cortes-García et al. were modeled as 2D structures with the software ChemBio Draw Ultra 12.0 and converted into 3D structures in MDL format. Their protonated states were then calculated using Chemicalize [15] (www.chemicalize.org), and these structures were then retrieved in a .mol file for subsequent studies. The active and inactive structures from the DUD database were minimized by carrying out molecular mechanics using the UFF force field [16] in the Gaussian 3.9 software package [17] and the outputs were converted into .pdb files to prepare the ligands for the molecular docking studies.
Docking ligand preparation
Using Autodock Tools [18] , one ligand was prepared to adding polar hydrogens and Gasteiger charges, rotatable (i.e., single) bonds were assigned by default, and a. pdbqt file was generated. This file was used as a template for the preparation of the rest of the ligands using the tool Raccon [19] that allows many structures to be prepared in .pdbqt file at the same time.
Docking receptor preparation
Two X-ray structures for the ABL kinase were downloaded in .pdb format from the PDB database [20] : PDB i.d. 2HZI, which contains the ligand JIN [21] , and PDB i.d. 4TWP, which contains the ligand AXI [21] . The first one showed good interactions in the active site of ABL kinase and the second one for the T315I ABL kinase. After the preparation of the ligands in Autodock Tools, these X-ray structures were analyzed using Swiss PDB viewer [22] in order to find and correct any errors and to model any missing atoms, and after their minimized states were calculated using the AMBER force field in GROMACS adding polar hydrogens throughout the structures. Then, Kollman charges were added using Autodock Tools, and .pdbqt formats were generated for the docking calculations.
Docking experiments
Autodock4 was used for rigid docking calculations using the Lamarckian genetic algorithm [23] . Tetrazole ligands were set in a 126 Å x 126 Å x 126 Å grid box. A value of 0.37 was used for spacing calculations for the active and inactive ligands from the DUD database and these ligands were centered in each receptor. AD4.dat parameters were applied to all the ligands. Thus two different templates were generated, and formatted into .gpf and .dlg files, and then all of the ligands prepared for docking were obtained using the Raccon tool from Autodock Tools. The conditions for the docking calculations were in general 100 runs, a population size of 150, a total of 1000000 generations, a default value of 0.8 for the crossover rate, a mutant rate of 0.2, and 100 individuals in each run [24] .
Docking performance assessment
Scoring functions are commonly used to assess docking performance. In our study, decoys for ABL kinase, i.e., the compounds in the DUD database that are not active towards the kinase, were used to assess the docking performance of the active compounds, and then specificity and sensitivity values were obtained. The pKi values predicted from the negative and positive docking results were used as markers to distinguish active from inactive compounds [25] . Also, the original ligands from each receptor (JIN and AXI) were docked with the same conditions used for all other ligands in order to assess the performance of the docking using the RMSD value between the original coordinates and the predicted ones resulting from our docking protocol.
Docking results analysis
All of the results for each ligand were analyzed in Autodock Tools. The best free energies and Ki values were kept and afterwards the Ki values were converted in pKi values using equation 1. All of the information was processed in order to obtain the representative graphics comparing the free energy and pKi values.
The analysis of hydrogen bonds was carried out for the complexed ligands and the docked ones, each with their respective receptor, using HBAT software [26] , in order to determine the principal and important interactions. PyMol software was used to visualize the interactions.
Results and discussion
Evaluation of the scoring function and search algorithm used in Autodock4.
For all of the 584 total of compounds tested in docking studies, predicted free energy and Ki values were obtained and compiled for statistical analysis. Each ligand was analyzed using the graphical interface of Autodock Tools to determine the pose and whether the ligand was bound in the active site. Two plots (for active compounds and decoys) were made to reveal the general behavior of the pKi and free energy (Figures 4 and 5 ).
= −log ( 1 106 )
Statistical results
The statistical results were obtained using the Bayesian theorem [27] with equations 2a, 2b, 2c, and the results are presented in table 2. The positive predicted and negative predicted values are the probabilities of finding as positive or negative one event [28] . In this case, the results of the evaluation of the conditions in the docking protocol helped us determine how the genetic algorithm worked with the chemical environment of the receptor and the chemical structures of active and inactive ABL kinase compounds.
Bayesian equations
Where: Se= Sensitivity; Sp= Specificity; TP= True positives; FN= False negatives; PPV= Positive predicted value; NPV= Negative predicted value pKi values from 6.02 (-8.18 Kcal/mol) as inactives (negative compounds) this based in the docking results of active compounds considered as active ones in de DUD data base. The results derived of the Bayesian calculations showed that there were more false positives than false negatives: Se = 0.85 and Sp = 0.31. It means that the protocol of the docking study could better predict positive ligands as the active compounds than it could predict the negative ligands as the inactive ones. Nevertheless, the PPV and the NPV showed us how the protocol has the possibility of detecting well the negative or inactive ligands; thus, the conditions of the docking experiment were considered for the docking validation calculations using the structural information for the 2HZI and 4TWP complexes as well the same conditions with the 38 novel 1,5-DS-T compounds.
Docking validation
The X-ray structures were prepared as is described in the general procedure for docking calculations, treating the ligands and receptors separately. The ligand in the 2HZI structure was identified as JIN and that in the 4TWP structure as AXI. After the calculations, the .dlg files were visualized using Autodock tools and the best free energy, affinity constant, and pose coordinate results were kept. Figure 6 shows a comparison of the original conformations of the ligands and those obtained from our calculations. The RMSDs were calculated using PyMol between the heavy atoms in the native and docked structures and were found to be 1.754 Å and 1.827 Å for the 2HZI_JIN and 4TWP_AXI complexes, respectively, were below 2.00 Å is the upper limit for validation of docking poses. 
Evaluation of the novel 1,5-DS-T compounds with the docking protocol conditions.
The RMSD values resulting from the docking validation studies indicated that the conditions of the search method and the placement of coordinates in the grid box are appropriate for the 1,5-DS-T docking calculations. The 1,5-DS-T compounds were then prepared as were all of the ligands, and docking results of each compound were analyzed manually, and again the free energy, Ki values and the coordinates of the best pose were kept. The results are shown in the table 3.
The obtained results showed 3a, 9a, 11a and 11b to be the best ligands for the 2HZI receptor and 1a, 5a, 10a and 13a to be the best for the 4TWP receptor. The binding energies and the Ki values of the best ligands for the 2HZI receptor are very different from those for the 4TWP receptor. At the same time, it is important to remember that the 4TWP receptor is a mutated ABL kinase and these ligands, according to the docking results, could be tested in vitro to experimentally determine their activities against this protein. To obtain all of the hydrogen bond interactions between the protein and the ligands, HBAT software was used to calculate the chemical properties of these bonds, and the results are shown in table 3. Lys 271 is the most common residue of the 2HZI receptor to which the ligands bind, while Met 316 is the most common residue of the 4TWP receptor to which the ligands bind. These interactions are shown in Figures 8 and 9 . The results of the analysis of HBAT program using as starting structures the coordinates with the best-docked ligands are presented in table 4. Interestingly, the bests predicted affinities came from ligands that contain halogens, were those interactions involving halogens are well known in biological structures [29 -33] , suggesting that those interactions (except for fluorine which is not a halogen-bond donor) could correspond to the sigma hole halogen bonding. Unfortunate the scoring function used in our methodology, is not capable to predict accurately this kind of interactions. At the same time, comparing the structures of pairs of ligands as well as comparing their binding and Ki values revealed big differences between the results when the R2 moiety is cyclohexane and when it is a less hydrophobic group. Specifically comparing the ligands that have best interaction modes with their respective receptors led us to conclude that a more hydrophobic R2 moiety displays higher binding energies. Based on a visual analysis of the docking results for each of the 1,5-DS-T ligands, we selected those that interacted with the active site of the proteins. The docking predictions indicated the 1,5-DS-T ligands to have more affinity for the 4TWP receptor (i.e., the T315I mutant) than for the 2HZI receptor. Thus, the proposed ligands may be good inhibitors for the specific ABL kinase that is resistant to imatinib.
The ligands that showed the same set of predicted interactions for the 2HZI receptor are 3a, 9a, 11a and 11b. For the 4WTP receptor, 1a, 5a, 10a and 13a displayed common interactions. The poses of the best ligands were analyzed to find the common interactions to establish the principal chemical moieties or features that contribute to the free energy and Ki results, and the results of this analysis are shown in the Figure 8 . Analyzing the poses between the best 1,5-DS-T ligands for the 2HZI receptor revealed that it formed similar interactions with the halogens of three ligands, specifically with halogens attached to position 2 of the R1 substituent. The ligand with chlorine showed good predicted Ki and free energy, nevertheless the fluorine substituted with the best free energy and Ki values. As Cortes-García et al. noted in their publication of the synthesis of these novel 1,5-DS-T compounds, that including halogens in the synthesis was the highest priority in the effort to make compounds displaying a high specificity and affinity for the ABL kinase. Another interesting chemical feature was that the 1,5-DS-T ligands with the Cy substituent (R2) showed the best interactions, maybe because this moiety was interacting with a hydrophobic region in the binding site of the receptor. We chose the collection of ligands so that each one had a structural homologue as shown in Figures 8 and 9 to help relate the results to specific chemical features. At the same time, a feature that is very beneficial for our work is that the best ligands for 4TWP have almost the same pose in the binding site, as shown in Figure 9b . Analyzing the interactions of the best 1,5-DS-T ligands for each receptor to be between the halogens attached to position 2 of the R1 in the 2HZI receptor and revealed the most common and important interactions for the 1,5-DS-T ligands with the 4TWP receptor.
From the results resumed in table 6, it is seen that the Ki values could be improved by a modification in the hydrophobic tetrazole region. In this way, docking experiments were carried out with hypothetical structures modified in this region, using the same protocol that was used for the 38 1,5-DS-T and as a receptor PDB code 2HZI. 
Conclusions
The halogen interaction is important for the binding mode of these 1,5-DS-T ligands [34] . Two possible interactions would arise from hydrogen bonding or sigma hold interactions. To demonstrate this, an appropriate scoring function as Autodock VinaXB [35] , or QM/MM combined with GMBSA [36] , could be used.
Conflict of interest
